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The erosive wear of boiler tubes caused by fly ash in coal combustion flue gases has been studied for a 
long time. However, there are practically no data concerning the intensity of the erosion of the heating 
surfaces of boilers fired with both coal and biomass, and thus it is difficult to design these particular areas 
appropriately. 

The essential problem is the tendency of the fly ash from biomass combustion to produce ash deposits 
on the boiler convection surfaces and to cause slagging on the radiant surfaces. In such cases, both an 
increase in the deposits and a shortening of the time over which the ash fouling accumulates to the max¬ 
imum level are observed. Consequently, if the boiler is fitted with steam or air blowers, they are started 
more frequently; if not, they have to be installed. The research conducted here proves that the situation 
leads to serious damage to the tubes, which results from the erosion caused by ash particles carried by 
the blowing agent jet. 

The authors of this paper attempt to make a quantitative evaluation of the impact of co-firing two types 
of biomass (coniferous wood chips and willow wood chips) on both types of tube erosion. 

© 2013 Elsevier Ltd. All rights reserved. 


1. Introduction 

The main threat to the reliability of biomass co-firing boilers is a 
high-temperature corrosion [1,2], However, in some cases, co-fir¬ 
ing may also have a significant effect on the fly ash erosion. 

Erosive damage to convection surfaces is mainly observed in 
pulverised fuel boilers, where most of the ash, together with flue 
gas streams, flows through heat exchange areas. 

In result of erosion the thickness of boiler tubes decreases lead¬ 
ing eventually to their rupture. The standard method of tube thick¬ 
ness identification is the ultrasonic inspection. The gauges used 
have the resolution of ca. 0.1 mm. 

The rate of erosion and the velocity of the particles (usually con¬ 
sidered to be identical to the carrier gas velocity) are related by an 
exponential dependence [3-8], In [4,8], the exponent values deter¬ 
mined experimentally by various researchers are compared. They 
vary from 2.4 to 3.5 for metal and approximately 3 for ceramic 
materials to approximately 5 for polymers. The velocity exponent 
depends on other parameters as well, such as the size and shape 
of the eroding particles. The value of the exponent mentioned 
above also depends on the striking angle; in [9], values lower than 
2 (1.4-1.6) are given for steel at perpendicular impingement. The 
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exponent value is dependent on the method used to determine 
the amount of the solid phase involved in the process [10]; using 
the concentration ft (kg/m 3 ) (e.g., in [6,7]), the exponent value 
must be 1 higher than the exponent value found using the erodent 
mass flow density (kg/m 2 s) (e.g. [11]). Numerous standard mea¬ 
surements of the erosion of tubes in boilers confirm that the expo¬ 
nent 3.0 (using concentration) may be assumed to be reliable. 

At small values of the solid phase concentration in gas, the rate 
of metal erosion is proportional to the concentration. At high con¬ 
centration values, the effect of this parameter may be impercepti¬ 
ble [11]). 

The rate of erosion-related loss increases as the particle size 
grows [12], but it is generally assumed that erosion arises if 
dp > 30 pm, whereas particles with a smaller diameter (typical of 
biofuel combustion ash) tend to produce ash deposits. Some stud¬ 
ies indicate that the impact of d p decreases above the limit of 50- 
100 pm, but, in [13], the greatest erosion occurred at d p = 1000 pm. 
The erosion is also affected by the particle shape. For metal, the 
greatest erosion occurs for non-spherical particles with sharp 
edges. Another factor that affects erosion is the erodent particle 
hardness. 

The formation of ash deposits and tube erosion are in opposi¬ 
tion to each other. Whenever deposits are formed, erosion does 
not occur, and vice versa; with erosion, there are no deposits. 
The factors that determine which of the two phenomena occur 
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Nomenclature 



A T 

ash content in the fuel (as-received state), % 

w ma 

x maximum velocity of the dust-laden flue gases in the 

D 

outer tube diameter, m 


duct section, m/s 

d„ 

blower nozzle diameter, m 

Wo 

mean flue gas velocity in the empty duct at the bank in¬ 

d p 

particle diameter, pm 


let, m/s 

Cm, C' m 

indices characterising the ash composition 

W fg 

mean flue gas velocity in the free section of the tube 

Cpl 

mean fly ash concentration in the flue gases, g/m 3 


bank, m/s 

CWB 

coniferous wood biomass 

W[ 

moisture content in the fuel (as-received state), % 

e e 

erosion coefficient defining the erosive properties of the 

WWC willow wood chips 


fly ash, pm/h 

Yd 

mass content of co-fired biomass, % 

ECO 

economiser 

2d 

power share of co-fired biomass, % 

EMM 

the external mineral matter of the biomass 



F b 

blower nozzle cross-section, m 2 

Greek symbols 

HC 

hard coal 

(?w 

parameter defining the flue gas velocity distribution in 

i 

enthalpy, kj/kg 


the boiler duct 

IMM 

internal mineral matter of the biomass 

Pc 

parameter defining the fly ash concentration distribu¬ 

k 

heat transfer coefficient, W/m 2 K 


tion in the flue gases 

m st b 

steam mass per 1 blowing cycle, kg 

Pm 

parameter defining the impact of the operating temper¬ 

m stb 

steam mass flow from the blower, kg/s 


ature and the steel grade on the erosive wear 

n 

number of blower starts per 24 h 

P2 

parameter defining the impact of longitudinal pitch of 

Qi 

lower calorific value, kj/kg 


the bank on the erosive wear of the tubes 

P 

steam pressure at the blower inlet, bar 

Ah 

thickness loss of the tube, pm, mm 

Pl 

steam pressure at the blower nozzle outlet, bar 

Pl 

steam density at the blower nozzle outlet, kg/m 3 

Pap 

ambient pressure, bar 

<7\ = 

s,/D relative transverse pitch of the tube, m 

R 

blower effective radius [15], mm 

02 = 

; s 2 /D relative longitudinal pitch of the tube, m 

RAH 

regenerative air preheater 

too 

rise time of ash deposits (the time for the fouling to 

Rom 

content of fly ash grains larger than 30 pm, % 


reach the maximum), h 

s 

entropy, kj/kg K 

T„f, i 

3 annual time with the blower shut down, h/a 

SH 

superheater 

T c b 

blowing cycle duration time, s 

S r 

sulphur content in the fuel (as-received state), % 

x a 

annual boiler operating time, h/a 

T fg 

mean flue gas temperature in the bank, K 

T b a 

annual duration time of the erosion process caused by 

y 

distance from the blower nozzle outlet, m 


ash blowing, h/a 

v e =Ah/t 

erosion rate, pm/h 

T(l1 

unit time of the coil exposure to erosion in one blower 

V e b 

blower operation-related erosion rate (calculated 


operation cycle, s 


according to formula (1)), pm/h 

dp 

mean probability of ash particle impingement on the 

Vb 

blower travel rate, mm/s, 


tube 

w 

steam flow velocity in the blower lance, m/s 

>P Z 

thermal efficiency of a tube bank 

w 2 

blowing agent velocity outside the nozzle, m/s 



W L 

steam velocity at the blower nozzle outlet, m/s 




are the size of the fly ash particles, their composition and the flue 
gas velocity. 

The mean velocity of ash particles in the boiler convection 
banks can reach up to 8-12 m/s. The local velocity of ash in flue 
gases is higher when the particles of ash pass between the tubes 
and the boiler walls, where the local velocity can reach up to 
40 m/s [7], 

Research on the erosive wear of boiler tubes caused by fly ash 
began in the 1950s [6] and continued later [7,8,10,14] for coal com¬ 
bustion ash, peat and sand ash. However, there are practically no 
reference data concerning the intensity of the erosion of the heat¬ 
ing surfaces of boilers co-fired with coal and biomass, and thus it is 
difficult to design these particular areas appropriately. 

There are numerous works in the reference literature that are 
devoted to the problem of damage done to tubes by fly ash carried 
by flue gases. Only recently, however, was research conducted on 
erosion depending on the operation of ash blowers fed with steam 
or air [15], Given the significant impact of biofuel co-firing on the 
fouling of the boiler heating surfaces, this paper attempts to ana¬ 
lyse the dependence between this phenomenon and the erosion 
resulting from the higher frequency of the starts of the jet blowers. 

Swirski’s dependence is typically used in the Polish literature 
[7], According to this dependence, the amount of tube material 
erosion over time (erosion rate) (pm/h) may be expressed as 


Ah/r = v e = 2.33 x 10 7 w 3 Jile e c p ,[i c p m p 2 t] p 


(1) 


The value of r\ p (the mean probability of ash particle impinge¬ 
ment on the tube) depends on the particle size of the fly ash. 
Due to the lack of data concerning the particle size distribution 
of fly ash resulting from the co-firing of biomass with coal, the cal¬ 
culations were performed by assuming monodisperse fly ash with 
a particle diameter of d p = 45 pm. This size represents an average 
value of the diameter of fly ash particles in Polish pulverised fuel 
boilers. 

Dependence (1) describes the loss of material of the steel tubes 
at points with maximum erosion, which corresponds to an angle of 
approximately 40° to the axis of the dust-laden gas stream. The 
method of calculating the individual elements of the formula are 
given in [3], 

The ash erosion coefficient e e (pm/h) [7] is determined empiri¬ 
cally on a purpose-built test unit and is equal to material loss for an 
angular coordinate of <£ = 45°, a velocity of w D = 35 m/s and a fly ash 
concentration of c p( = 100g/m 3 . The results of the erosion coeffi¬ 
cient testing conducted in [7] imply that the value of e e is most af¬ 
fected by the chemical composition of the ash defined by the 
coefficient c' m in the following equation: 


41 


Fe 2 0 3 

Si0 2 +Al 2 0 3 


(2) 
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However, the reference literature includes studies that prove 
that the erosion intensity is also a different function of the fly 
ash composition; [16] presents a chart that indicates that the ero¬ 
sion increases with an increase in the coefficient (Si02-2A1 2 0 3 ). 
This coefficient reflects the contents of highly erosive minerals 
based on silicon oxide (quartz, chalcedony) and, much less danger¬ 
ous in this respect, aluminosilicates (e.g., kaolinite Al 4 (0H) 8 Si 4 0 10 ). 

Another problem is the tendency of the biomass combustion fly 
ash to produce ash deposits on the boiler convection surfaces and 
to cause slagging on the radiant surfaces [17-19], In these cases, 
both an increase in the amount of material deposited and a short¬ 
ening of the duration during which the ash fouling accumulates to 
the maximum level are observed [20], Consequently, if the boiler is 
fitted with blowers, they are started more frequently; if not, they 
have to be installed. Previous research [15] demonstrated that 
the situation leads to serious damage to the tubes, which results 
from the erosion caused by ash particles carried by the blowing 
agent jet. 

The authors of this paper attempt to evaluate the impact of bio¬ 
mass co-firing on both types of tube erosion (fly ash erosion and 
erosion caused by steam jet ash blowers) quantitatively. 

2. Example calculations of erosion caused by fly ash carried by 
flue gases 

2.1. Co-firing of coniferous wood biomass - CWB 

To evaluate the impact of biomass co-firing on the erosion haz¬ 
ard to convection surfaces, calculations are performed for the OP 
230 boiler by assuming the fuel characteristics listed in Table 1 
(hard coal - HC, coniferous wood biomass - CWB, and their mix¬ 
tures). Coal given in Table 1 and Table 4 is a typical Upper Silesian 
coal which is burned in the Polish power plants. The properties of 
CWB correspond to the average for the supply of one of the domes¬ 
tic power plants. 

The O-dimensional thermal calculations of the boiler were car¬ 
ried out according to procedures [19,22,23], 

The biomass thermal fractions Z D in the fuel mixture are as¬ 
sumed to be the basic quantity parameter; hence, the following 
variants are calculated: 

HC variant - Z D = 0 (combustion of pulverised coal only). 

CWB_10 variant - Z D = 10%. 

CWB_20 variant - Z D = 20%. 

CWB_50 variant - Z D = 50%. 

Based on these percentages, the mass fractions Y D correspond¬ 
ing to the respective thermal fractions are determined. It is as¬ 
sumed that the biomass is fed into the pulverised fuel ducts 
before the burners, i.e., a change in its fraction does not affect 
the location of the flame zone, where the highest temperatures oc¬ 
cur in the furnace. 

For the CWB fractions given above, the fly ash composition and 
the changes in the chemical composition and the corresponding 


values of the parameter c m and the efficiency level V z , which de¬ 
fines the impact of fly ash deposits on the heat transfer coefficient 
on convection surfaces, are determined. 

For the purposes of this paper, CWB with a relatively high con¬ 
tent of moisture and ash, which is typically used in one of the Pol¬ 
ish power plants, is considered. The typical characteristics to be 
analysed are listed in Table 2, which also presents, for comparative 
purposes, the composition of the average ash from the combustion 
of the coal mined in Upper Silesia. The last column presents the va¬ 
lue of the coefficient c m (Basic/Acidic), which is often assumed to 
be a parameter that characterises the tendency of the fly ash to 
form deposits: 

_ Fe 2 0 3 + CaO + MgO + Na 2 0 + K 2 0 + P 2 0 5 
Cm “ Si0 2 + A1 2 0 3 + Ti0 2 ^ 

The introduction of additional biomass fuel results in a change 
in the chemical composition and the stream of the flue gases, 
which, consequently, change their radiation properties (emissivity 
and absorptivity), their velocity and their viscosity, which affect 
the convective heat transfer intensity. 

The co-firing-related change in the amount and the properties 
of the particles carried by the flue gases leads to a change in the 
flue gas emissivity and, moreover, in the intensity of the ash foul¬ 
ing of the heating surfaces. The combustion of fuels with character¬ 
istics different than the design fuels may cause significant changes 
in the size and nature of the fouling of the heating surfaces, which 
in turn has a powerful impact on the amount of heat absorbed by 
individual areas. 

One of the measures of the impact of deposits on the heat trans¬ 
fer is the thermal efficiency f'z, which is the ratio of the heat trans¬ 
fer coefficients of the tube bank with and without fouling. 



Papers [17,22] give formulae to calculate the thermal efficiency 
of surfaces covered with loose or partially sintered deposits. For fly 
ash carried by flue gases, coal and biomass co-firing results in an 
increased value of c m . Consequently, the efficiency of the boiler 
heating surfaces (assuming a mean exponent for in-line and stag¬ 
gered banks) varies according to 



which proves that the value of W z decreases as the biomass content 
increases. A further decrease in *P Z , though difficult to assess, may 
also be caused if fine granulated components are fed into the fly 
ash (leading to a decrease in R0.03). which results from the conden¬ 
sation and the solidification of volatile mineral fractions. This phe¬ 
nomenon may be of significant importance for fuels with a high 
content of sodium and potassium. A decrease in the thermal effi¬ 
ciency of the heat exchangers results in a decrease in the boiler effi¬ 
ciency due to an increase of the exit flue gas temperature. 

With the use of a regenerative air preheater (RAH), an increase 
in fouling results in an increase in the consumption of energy 


le fuels assumed fo 


Qi (kj/kg) 
21034 
6295 
17,043 
14,326 
9690 


a HC - hard coal. 

CWB - coniferous wood biomass. 
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Table 2 

Chemical composition of ash from the combustion of HC, CWB, and their mixtures. 


Fuel 

CaO (X) 

MgO (X) 

Fe 2 0 3 (X) 

Na 2 0 (X) 

I< 2 0 (X) 

Si0 2 (X) 

A1 2 0 3 (X) 

P2O5 (X) 

Ti0 2 (X) 

c m 

ft 1 ) 

HC 

3.50 

3.50 

9.00 

0.80 

2.50 

60.00 

19.70 

0.1 

0.90 

0.24 

0.24 

CWB [21] 

18.13 

2.26 

3.56 

0.39 

3.24 

63.02 

7.90 

1.12 

0.38 

0.40 

0.83 

Z D = 0.10 

5.69 

3.31 

8.18 

0.74 

2.61 

60.45 

17.93 

0.25 

0.82 

0.26 

0.97 

Z D = 0.20 

7.66 

3.15 

7.45 

0.68 

2.71 

60.86 

16.35 

0.39 

0.75 

0.28 

0.95 

Z D = 0.50 

12.48 

2.74 

5.66 

0.55 

2.95 

61.85 

12.46 

0.73 

0.58 

0.34 

0.88 




required to cause agents to flow and causes a decrease in the pre¬ 
heated air temperature. The higher consumption of energy re¬ 
quired to pump agents is caused by an increase in the flow 
resistance in the preheater and greater leakage of air into the flue 
gases. The basic heat exchange mechanism in the RAH remains 
practically unaffected if the heating elements become covered with 
a layer of deposits with a low heat conductivity, which is proved by 
the fact that the efficiency of both uncoated and enamelled metal 
plates is practically the same [24], In addition, a reduction in the 
heating area due to the clogging of some parts of these elements 
is usually compensated for by a higher intensity of the heat trans¬ 
fer at places where the agents now flow faster. 

Due to the difficulties mentioned above related to the evalua¬ 
tion of the changes in the heat flow resistance in the RAH and 
the lack of data concerning the impact of wood biomass co-firing 
on the fouling of the furnace and the SH II platens, only the changes 
in W z , according to Table 2 are considered, assuming that the boiler 
is not fitted with a system to remove ash deposits from surfaces. 
Another simplification is the assumption of monodisperse fly ash 
with a particle diameter of d p = 45 pm. 

The calculation results are listed in Table 3. The erosion rate in¬ 
creases significantly (by a factor of almost 4) as the content of CWB 


co-fired with coal increases. The biomass assumed for the calcula¬ 
tions does feature a relatively high value of ash content, but this 
ash is a mixture of the internal mineral matter contained in wood 
and external matter with a high content of Si0 2 (most likely sand), 
which was mixed with the CWB in the process of preparation. 
Therefore, this ash does not increase the c m ratio substantially 
(from 0.24 for HC to 0.4 for CWB), and thus it does not worsen 
the fouling of the surfaces as much as other types of biomass with 
more adverse characteristics could. The significant increment in 
the flue gas velocity related to the high content of water in the 
CWB and the relatively low value of c' m according to formula (2), 
which slightly increases the erosion index, lead to a substantial in¬ 
crease in the erosion rate. 

2.2. Co-combustion of willow wood chips - WWC 

To evaluate the impact of the co-fired biomass characteristics 
on the erosion hazard to the boiler convection surfaces, calcula¬ 
tions are performed by replacing the CWB with willow wood chips 
(WWC). The fuel characteristics are listed in Table 4 (hard coal - 
HC, willow wood chips - WWC, and their mixtures). The properties 
of WWC correspond to the average for the supply of one of the 


Table 3 

Boiler OP 230 calculation results for CWB co-firing (boiler with no ash blowing). 

Parameter HC CWB 10 CWB_20.2 CWB_50 

Z D = 0 Z D = 0.1 Z D = 0 Z D = 0.5 


Max. continuous rating (t/h) 

Steam pressure (MPa) 

Feed water temperature (°C) 

Spray water mass flow (kg/h) 

Fuel 

Lower calorific value (kj/kg) 

Ash content (%) 

Moisture content (X) 

Steam temperatures (°C) 

At the superheater I stage (SH I) inlet 
At the superheater III stage (SH III) outlet 
Flue gas temperatures (°C) 

At the combustion chamber outlet 
Before the economiser (ECO) 

At the boiler outlet 
Air temperatures (°C) 

At the preheater inlet 
At the preheater outlet 
Boiler efficiency (X) 

Fuel consumption (kg/h) 

HC 

CWB 

Ash concentration in the ECO (g/m 3 ) 

Flue gas velocity before the ECO (m/s) 
c' m index - formula (2) (-) 

Mean fly ash diameter (pm) 

Maximum annual erosion loss (mm/a) 


22.69 

9.67 


317 317 

540 540 


1230 1218 
538 550 
349 359 
130 139 


25 25 

297 308 

90.98 90.06 


32,311 29,380 

0 10,907 

8.20 8.11 

6.22 6.74 

0.1129 0.1044 

45 45 

0.0255 0.034 


14,326 9690 

17.27 13.52 

29.13 42.57 


317 317 

540 540 


1205 1155 
562 587 
371 395 
148 172 


25 25 

320 345 

89.06 85.98 


26,408 17,102 

22,059 57,143 

8.03 7.85 

7.27 8.92 

0.0966 0.0762 

45 45 

0.0448 0.0966 


17,043 

19.47 

21.24 
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!d for the calculations. 


0.134 

0.258 

0.582 


54.41 

42.87 

52.87 
51.43 
47.69 


Q-i (kj/kg) 


21,034 

15,128 

20,244 

19,511 

17,599 


a HC - hard coal. 
b WWC - willow wood chips. 


Table 5 

The chemical composition of the ash from the combustion of HC, WWC, and their mixtures. 


Fuel 

CaO (%) 

MgO (%) 

Fe 2 0 3 (%) 

Na 2 0 (%) 

K 2 0 (%) 

Si0 2 (%) 

A1 2 0 3 (%) 

P2O5 (%) 

Ti0 2 (%) 

c m 

IT 

HC 

3.50 

3.50 

9.00 

0.80 

2.50 

60.00 

19.70 

0.1 

0.90 

0.24 

0.24 

WWC [25] 

29.99 

1.52 

7.64 

0.40 

6.76 

42.10 

6.11 

5.22 

0.26 

1.06 

0.59 

Z D = 0.10 

4.02 

3.46 

8.97 

0.79 

2.58 

59.65 

19.44 

0.20 

0.89 

0.25 

0.99 

Z D = 0.20 

4.63 

3.42 

8.94 

0.78 

2.68 

59.24 

19.12 

0.32 

0.87 

0.26 

0.97 

Z D = 0.50 

7.50 

3.20 

8.79 

0.74 

3.14 

57.30 

17.65 

0.87 

0.81 

0.32 

0.90 




domestic power plants. Table 5 presents the respective ash 
compositions. 

The calculation results are given in Table 6. Column one repeats 
the results for the HC variant - combustion of hard coal only; col¬ 
umn two presents the results for the variant WWC 20 (for 
Z D = 20%). A decrease in the erosion rate can be observed for co-fir¬ 
ing with coal and willow wood chips. This type of biomass features 
a relatively low content of ash and moisture and a relatively high 
lower calorific value. Although this ash has a distinctly higher c m 
ratio (0.24 for HC and 1.063 for WWC), it does not increase the le¬ 
vel of surface fouling significantly with a low content of the WWC 
ash in the mixture. The decrease in the ash concentration, together 
with a slight increase in the flue gas velocity and a certain increase 
in the c' m index, reduces the erosion loss slightly. 

In summary, the following conclusions may be drawn from the 
calculations of the erosion caused by the fly ash carried by flue 
gases: 

The co-combustion of coal and very moist types of biomass with 
a relatively high content of ash containing significant proportions 
of strongly erosive components (SiC>2, AI2O3, TiCh) increases the 
erosion rate compared to the erosion rate observed for coal com¬ 
bustion only. 

The co-combustion of relatively dry biofuels (for example, wil¬ 
low wood chips) with a relatively low content of ash results in a 
slightly reduced erosion rate compared to the erosion rate ob¬ 
served for coal combustion only. 

Thus, the co-combustion of very moist types of biomass should 
be avoided, especially if the ash contained in them features adverse 
characteristics from the point of view of the erosion hazard. Such 
biofuels should be pre-dried or subjected to torrefaction for exam¬ 
ple. It is also beneficial to gasify such types of biomass in a separate 
facility, especially because this technology also makes it possible to 
separate the biomass ash, which can later be disposed of as fertil¬ 
iser, for example. 

3. Evaluation of the erosion hazards caused by more frequents 
starts of steam jet ash blowers 

3.1. Rise time of ash deposits 

In [20], the following dependence is developed to define the rise 
time of ash deposits (the time for the fouling to reach the maxi¬ 
mum height) too (h): 


( 6 ) 

In this formula, there is no variable characterising the chemical 
composition of the fly ash, such as c m , for example. The hard coal 
ash studied in [22] features values of c m = 0.176-0.522, which are 
lower than those for willow wood chips ash according to Table 5. 
However, both the ash resulting from CWB combustion and all of 
the ash mixtures obtained in the co-firing of both CWB and 
WWC have values of c m that are within the range for which for¬ 
mula (6) remains valid. Therefore, it may be assumed that no sig¬ 
nificant errors will arise if the following analysis is based on this 
dependence. 

When neglecting the technical parameter of the tube pitch in 
the bank, it is the flue gas velocity that has the greatest impact 
on Tqo. The greater the velocity, the longer the time required for 
the fouling to reach the maximum height. The lengthening of the 
rise time of the ash deposits also results from the thickening of 
the fly ash size and the increase in the flue gas temperature. 

By converting formula (6) to a form that allows the evaluation 
of the change in t^ at biomass co-combustion, the following for¬ 
mula is obtained: 



where “W” and “X” relate to coal combustion, which is treated as 
the reference case, and to biomass - coal co-combustion, 
respectively. 

It is very difficult to generalise the evaluation of the change in 
I?o.o3 resulting from biomass co-combustion. The ash fed into the 
boiler together with biofuels is a mixture of the internal mineral 
matter (IMM) of the biomass and the external mineral matter 
(EMM) mixed with the biomass in the process of preparation. Be¬ 
cause IMM constitutes only a small volume of the biomass matter 
(approximately 1%), the combustion of pulverised biomass leads to 
fine-grained ash, which is almost entirely composed of particles 
smaller than 30 pm, prone to form deposits in the power boiler. 
The chemical composition and the structure of the ash may be 
determined by means of laboratory testing, and they are practically 
the same for each biomass species. 

The structure and the particle size of the EMM ash depend on 
local technologies and the conditions of biomass preparation, and 
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The OP 230 boiler calculation results for willow wood chips co-firing (boiler with no 
ash blowing). 


Parameter 

HC 

Z D = 0 

WWC_20 

Zd = 0.2 

Max. continuous rating (t/h) 

230 

230 

Steam pressure (MPa) 

9.5 

9.5 

Feed water temperature (°C) 

185 

185 

Spray water mass flow (kg/h) 

18,270 

20,268 

Lower calorific value (kj/kg) 

21,034 

19,511 

Ash content {%) 

22.69 

17.59 

Moisture content (%) 

9.67 

10.63 

Steam temperatures (°C) 

At the superheater I stage (SHI) inlet 

317 

317 

At the superheater III stage (SH III) outlet 

540 

540 

Flue gas temperatures (°C) 

At the combustion chamber outlet 

1230 

1233 

Before the economiser 

538 

551 

Before the air preheater 

349 

359 

At the boiler outlet 

130 

136 

Air temperatures (°C) 

At the preheater inlet 

25 

25 

At the preheater outlet 

297 

306 

Boiler efficiency (%) 

90.98 

90.47 

Fuel consumption (kg/h) 

HC 

32,311 

25,996 

wwc 

0 

9036 

Ash concentration in the ECO (g/m 3 ) 

8.20 

6.56 

Flue gas velocity before the ECO (m/s) 

6.22 

6.54 

c' m index - formula (2) (-) 

0.1129 

0.1141 

Mean fly ash diameter (pm) 

45 

45 

Maximum annual erosion loss (mm/a) 

0.0255 

0.0239 


these characteristics may not be defined in general terms. How¬ 
ever, the EMM mixed with biomass may be coarse-grained and 
erosive (e.g., quartz sand), and thus its presence will increase the 
erosion hazard rather than tube fouling. Whenever biomass is 
put through coal mills, extra thick EMM grains may be ground. 
Therefore, laboratory testing of the granulation of the EMM (which 
can be separated from biomass mechanically) gives results that dif¬ 
fer significantly from the grain distribution of the EMM fly ash 
(which, in practice, however, cannot be tested in the biomass co¬ 
fired boiler). Consequently, the only way to obtain a reliable eval¬ 
uation of the Rq.o 3 zIRo.o 3 w ratio is to measure the particle size of 
the electrostatic precipitator ash for the combustion of coal only 
and for co-firing. 

Yet, it is possible to apply the following type of reasoning to 
generalise the impact of co-firing on tube fouling; because the con¬ 
tent of the IMM in the biomass plant matter is low and relatively 
constant and its ash also features very fine comminution, the smal¬ 
ler the biofuel value A r is, the smaller the value of the R0.03zlR0.03w 
ratio, and the stronger the tendency of the fly ash to form deposits 
on the boiler tubes of the heat exchangers more quickly. It may be 
assumed with a high probability that, for small values of A r of the 
biomass, the ash is almost exclusively composed of the IMM. As the 
A r value of the biomass increases, coarse EMM fractions may ap¬ 
pear in the ash, and the rate of the fouling process may slow down. 

Additionally, the fouling tendency is stronger when the share of 
co-fired biomass is higher (a higher share of fine particles in the 
coal-biomass ash mixture). 


3.2. Ash blowing process 

To perform a quantitative analysis of the impact of biomass co¬ 
firing on erosion resulting from the operation of ash blowers, 


appropriate calculations are performed for the OP 230 pulverised 
fuel boiler fired with hard coal. 

The PS-SL blowers manufactured by the Clyde Bergemann com¬ 
pany are used in the OP 230 boiler in the area of the banks of steam 
superheaters and economisers [26,27], 

The Clyde-Bergemann PS-SL blowers mounted on the OP 230 
boiler are referred to as long retractable sootblowers with an effec¬ 
tive travel of 4.8 m (with blowing). The rate of the lance travel, 
extending and retracting, (1 blowing cycle) is x C b = 400 s (velocity 
24 mm/s). The blower takes in approximately 276 kg of steam per 
cycle. The blower lance makes a rotary motion during which the 
steam jets from two nozzles blow away the ash deposits on the 
tube banks. The steam outflow is parallel to the tubes of the heat¬ 
ing surfaces because the blowers move perpendicularly to the 
tubes. The inside diameter of the blower lance is 42 mm. Each 
blower has 2 nozzles with a diameter of approximately 13.4 mm, 
which gives a total steam outflow area of F L = 0.00028 m 2 . The 
steam pressure is approximately 2 MPa. This type of pressure 
range involves a very high velocity of steam at the outlet of the 
nozzles. 

The steam jet blower flow characteristics: 






_ mstb _276 

T,„ 400 


(kg/s) 

• lance section area F b = = 7t0 ° 42 = 0.00139 (m 2 ) 

• superheated steam parameters at the blower inlet, 

}i = 3248 (kj/kg), p = 6.61 (kg/m 3 ), s = 7.13 

(kj/kg K) 

• steam flow velocity in the blower lance w = ^ = 75 (m/s) 

• rest parameters of the superheated steam for isentropic change 


io = i + ^= 3251 (kj/kg) =► t„ = 401.5°C, p 0 = 20.1 bar. 

The equation of continuity implies that the maximum value, 
(wp) = max, determined by means of a trial method and subject 
to the condition of constant entropy s 0 = s L , occurs at the smallest 
cross-section of the nozzle. The calculation results are listed in 
Table 7. The steam velocity at the nozzle outlet is calculated 
according to the following dependence [28]: 



The superheated steam leaves the nozzle at a velocity close to 
w f = 600 m/s at a pressure of p L = 10.8 bar for a rest pressure of 
p 0 = 20.1 bar (Table 7). 

The difference between the pressure forces in the smallest sec¬ 
tion and the ambient pressure forces results in an increase in the 
stream momentum and, consequently, in an increase in the jet 
velocity outside the nozzle to the value w 2 . 


Table 7 

Characteristic steam parameters at the outlet of the steam jet blower nozzles. 


Pi (bar) i L (°C) p L (kg/m 3 ) w L (m/s) w L p L (kg/m 2 s) 


15 3166 5.28 

12 3104 4.44 

11 3081 4.15 

10.9 3078 4.13 

10.8 3076 4.10 

10 3056 3.86 


413.3 2187 

542.6 2411 

583.7 2426.4 

587.9 2426.8 

592.0 2626.4 

625.1 2414.0 
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W 2 = w l+J L (P 1 -P a p)l° 5 (9) 

rristb 

If the pressure at the nozzle inlet is approximately 20 bar, the 
velocity resulting from expansion can reach values of up to 
990 m/s. However, the jet of steam or air is slowed down rather 
abruptly at a short distance. The process is presented in Fig. 1 in 
relation to the air (perfect gas) flow for different values of the pres¬ 
sure [15], Even after being slowed down by the start of the nozzles 
(the blower operation), the jet velocities are definitely higher than 
the velocity of the flow of dust-laden flue gases through the bank 
with shut down nozzles. The charts show that the higher the pres¬ 
sure before the nozzle, the higher the pressure after it. Thus, due to 
secondary expansion, the velocity of the gas agent in the area be¬ 
fore the tube bank is also higher. The outermost tubes of the neigh¬ 
bouring stages of the steam superheaters between which the 
steam jet ash blower is installed are approximately 2 x 180 mm. 
Fig. 1 shows that the air jet velocity for y = 180 mm at a pressure 
of 31 bar is approximately 150 m/s, with a maximum velocity after 
secondary expansion of w 2 = 580 m/s. In the case of the steam jet 
blower, where the velocity is w 2 = 990 m/s after secondary expan¬ 
sion, the steam velocities before the tubes reach yet higher values. 
Therefore, for the analysis of the erosion caused by the temporary 
operation of the steam jet blower, the maximum values of the 
blowing agent are assumed to be at the levels of w max = 100 m/s, 
w max =150 m/s, and w max = 200 m/s. 

The erosion rate v e b related to the use of blowers is unusually 
high, mainly due to the huge velocities given to the ash particles 
by the blowing agent. The factor that reduces the material loss is 
the relatively short annual time t b a of the duration of the process 
described above compared to the annual operating time of the boi¬ 
ler. Below, a calculation of time z b a is performed for the conditions 
prevailing in the area of the steam superheater and the economiser 
of the OP 230 boiler. 

Based on the data concerning the blower operation characteris¬ 
tics, it is possible to determine the total annual time of the impact 
of the blower on the coils of the steam superheater and the econo¬ 
miser banks approximately: 

• the number of starts per 24 h 

n = 0 for Z D cwb = 0% 

n = 1 for Z D cwb = 1 0%, Z D C wn = 20%, Z D wwc = 20% 
n = 3 for Z D cwb = 50% 

• effective range of the blower2 x R = 240 mm (assuming the dis¬ 
tance from the bank tubes of approximately 180 mm [15]) 

• the travel rate v b = 24 mm/s 

• the unit time of the coil exposure to erosion during a single start 
of the blower making an extending and retracting movement 
Tf,! = 2 x (2 x R)/v b = 20 s 


CWB represents the coniferous wood biomass, and WWC is the 
willow wood chips. The characteristics of both of these types of 
biomass are given in Section 1 of this paper. 

If the blower is started three times per 24 h, which is considered 
the highest frequency used in practice, in a year (which, for the Pol¬ 
ish power plants, corresponds to approximately x a M 6000 h/a), the 
annual time of exposure is 

T ba = 3600V nXh ' - ( 600 °/( 3600 x 24) X 3 x 20 * 4.2 h/a 

If the blower is started only once, the time is T faa = 1.4 h/a. 

It may be assumed that the boiler banks are exposed to a more 
intense erosion for 1.4 (4.2) h of the 6000 h of operating time per 
year. Under these assumptions, the tube material loss according 
to formula (1) is the total of the loss without operating the blowers 
(?„!, a = 5998.6 h/a with the blower started once per 24 h, z nb 
a = 5995.8 h with the blower started three times per 24 h) and 
the loss related to the blower operation for 1.4 or 4.2 h/a. Exem¬ 
plary calculation results are listed in Tables 8 and 9. 

The tables above show that, in each case, the tube material loss 
Ah, even when the steam jet blower operation is short, is greater 
than that during the entire rest of the time throughout a year when 
the blowers are shut down. In extreme cases, with a high content 
of biomass Z D cwb = 50% and the blower operating time at the level 
of 4.2 h per year, the loss is greater than twice as large as that 
caused in the remaining 5995.8 h for w max = 200 m/s. 

The tube mass loss resulting from the blower operation is great¬ 
er in the economiser (if the distance between the blower nozzles 
and the bank tubes is the same) than in the steam superheater de¬ 
spite the smaller mean velocities of the flue gases w 0 and due to 
the higher value of the parameter fl w that appears in formula (1) 
to the third power. 

3.3. Conclusions 

(a) The lower the ash content A r in the co-fired biofuel and the 
higher the share of co-fired biomass, the more quickly the 
ash tends to settle on the boiler tubes of the heat exchang¬ 
ers. In such cases, both an increase in the amount of deposits 
and a decrease of the time in which the ash fouling accumu¬ 
lates to the maximum level are observed. Consequently, if 
the boiler is fitted with ash blowers, they are started more 
frequently; if not, they have to be installed. 

(b) The operation of the jet blowers (using either air or steam) 
involves intense erosive wear of the cleared surfaces that 
suffer the erosion caused by fly ash, which is accelerated 
by the blowing jet. Despite the fact that the total time for 
which a cleared tube is exposed to the blower operation 



y[m] 




Fig. 1. 
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amounts to a few hours per year only, the loss of the tube 
thickness in that period is higher than the loss caused during 
the overall remaining annual operating time of the boiler, 
(c) It could be advantageous to replace the jet blowers with 
devices operating on a different principle that does not lead 
to erosion (such as the application of acoustic waves or 
microblasting technology). 
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